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A novel ﬂuorescence-based staining method was developed for phosphoprotein analysis in
sodiumdodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Similar to themech-
anism of immobilized metal ion afﬁnity chromatography (IMAC), the method employed
quercetin–aluminum (III)-appended complex as a ﬂuoroprobe to selectively visualize phos-
phorylated proteins among total proteins. According to the results, as low as 16–32ng of
phosphoproteins (-casein, -casein and phosvitin) could be selectively detected in 90min
with a wide linear dynamic range. In addition, the speciﬁcity of this novel stain for phos-
phoproteins was conﬁrmed by 1-D and 2-D SDS-PAGE, dephosphorylation, western blot andQuercetin
Aluminum
Phosphoprotein stain
Pro-Q Diamond
SDS-PAGE
liquid chromatography–mass spectrometry analysis (LC–MS/MS), respectively.
© 2014 The Authors. Published by Elsevier B.V. on behalf of European Proteomics
Association (EuPA). This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Nowadays, phosphoproteins have received the most attention
because of that the events of phosphorylation by kinases and
dephosphorylation by phosphatases result in functional con-
sequences [1,2], including signal transduction, apoptosis, gene
expression, cell cycle progression, cytoskeletal regulation, and
energy metabolism. Therefore, a fundamental understand-
ing of biological processes and signaling networks at the
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China. Tel.: +86 577 86699790; fax: +86 577 86699790.
E-mail addresses: yuanhu.xuan@gmail.com (Y. Xuan), cwt97126@12
1 These authors have equally contributed to this work.
http://dx.doi.org/10.1016/j.euprot.2014.07.002
2212-9685/© 2014 The Authors. Published by Elsevier B.V. on behalf of
article under the CC BY-NC-ND license (http://creativecommons.org/licmolecular level requires detailed analysis technologies of
the phosphorylated proteins. However, the complexity of the
phosphoproteome and the low stoichiometry of protein phos-
phorylation pose a serious technical challenge. Thus,methods
developed for determining the phosphorylation status of pro-
teins are very important.
SDS-PAGE is a reliable and widely used technique for thearmaceuticals, Wenzhou Medical University, Wenzhou 325035, PR
6.com (W. Cong).
separation, identiﬁcation, and characterization of phospho-
proteins. Several visualization methods have been developed
for the selective detection of gel-separated phosphoproteins.
European Proteomics Association (EuPA). This is an open access
enses/by-nc-nd/3.0/).
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mong these, Pro-Q Diamond is the most commonly used
ethod commercially obtained from InvitrogenTM. Pro-Q Dia-
ond phosphoprotein stain is a breakthrough technology that
rovides a simple and direct method which does not require
ultiple steps or pre-treatment of the sample for selectively
taining phosphoproteins phosphorylated on tyrosine, serine
r threonine residues. Although the sensitivity and selectiv-
ty are signiﬁcantly good, the problem of high costs for Pro-Q
iamond has limited its application to high-throughput phos-
hoproteomics in most laboratories.
On the other hand, several chromogenic dyes have ever
een introduced to visualize phosphorylated proteins in poly-
crylamide gels. Typically, the cationic carbocyanine dye
Stains-All” is capable of detecting phosphoprotein bands in
lue, while non-phosphoprotein bands in red. However, this
ethod has several deﬁciencies, including light-instability,
ow sensitivity, poor linearity with the protein concentration
nd heat treat requirement during operation [3,4]. Another
hromogenicmethodnamedGelCodewasused to analyze gel-
eparated proteins that are phosphorylated at serine and/or
hreonine residues [5,6]. Nevertheless, this commercial prod-
ct suffers from a lack of sensitivity, with a detection limit
f 80–100ng for phosvitin [6]. In summary, although various
etection methods have been developed for phosphoproteins
n electrophoretic gels, each has limitations as well. There-
ore, the primary aim in this study was to explore a novel
ethod for phosphoprotein detection bearing the following
haracteristics: simple, economic and speciﬁc.
According to our previous study, a ﬂavonoid complex
amed morin hydrate has been successfully used for phos-
horylated protein visualization in SDS-PAGE with high
peciﬁcity and low cost [7], however, its sensitivity is relatively
ow (62–125ng). Therefore, as another effort for searching
ore sensitive ﬂuorescent dyes in imaging of phosphopro-
eins, we have found that the position of hydroxyl group in
avonoid complexes plays an important role in the detec-
ion of phosphoproteins. Thus, a new ﬂavonoid complex,
uercetin (3,5,7,4′,5′-pentahydroxyﬂavone), was developed for
hosphoprotein detection in SDS-PAGE. According to the
esults, down to 16–32ng of phosphoproteins (-casein,
-casein and phosvitin) could be speciﬁcally detected by
uercetin stain within 90min, which is approximately eight-
nd four-fold more sensitive than that of Stains-All stain
125–250ng/band) and morin stain, respectively, but two-fold
ess sensitive than that of the most commonly used Pro-Q Dia-
ond stain (8–16ng/band). In addition, the speciﬁcity and MS
ompatibility of quercetin stain with phosphoproteins were
onﬁrmed by studying dephosphorylation, western blot and
C–MS/MS.
. Materials and methods
.1. Chemicals and materials
uercetin, Stains-All, AlCl3, acrylamide, ammonium per-
ulfate, bisacrylamide (Bis), bromophenol blue, glycine,
lycerol, formic acid, iodoacetamide, phthalic acid, 2,5-
ihydroxybenzoic acid (DHB), N,N,N′,N′-tetramethylethylene-
iamine (TEMED), Tris(hydroxymethyl)aminomethane (Tris),( 2 0 1 4 ) 156–164 157
sodium dodecyl sulfate (SDS), transferrin (human blood
plasma), BSA (bovine), ovalbumin (phosphoprotein, chicken
egg), phosvitin (phosphoprotein, chicken egg), -casein (phos-
phoprotein, bovine milk), -casein (phosphoprotein, bovine
milk) and bovine intestinal alkaline phosphatase (Cat #
P0114) were purchased from Sigma–Aldrich Chemical Co. (St.
Louis, MO, USA). Pro-Q Diamond Phosphoprotein Gel Stain
kit and SYPRO Ruby Gel Stain kit were from InvitrogenTM
(Carlsbad, CA, USA). Phosphoprotein Phosphate Estima-
tion Assay Kit (Cat # 23270) was purchased from Thermo
Fisher Scientiﬁc Co. (Fair Lawn, NJ, USA). Tween 20, CHAPS,
dithiothreitol (DTT), ethylenediaminetetraacetic acid (EDTA),
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na),
and phenylmethanesulfonyl ﬂuoride (PMSF) were from Amer-
sham Biosciences (Uppsala, Sweden). Triﬂuoroacetic acid
(TFA) was from Applied Biosystems (Foster City, CA, USA).
Tissues of mice were provided by Zhejiang Provincial Key
Laboratory of Biopharmaceuticals (Zhejiang, China). Modiﬁed
trypsinwas fromPromega (Madison,WI, USA). All other chem-
icals used were of analytical grade and were obtained from
various commercial sources.
2.2. Solution preparation
Quercetin (15mM) and AlCl3 (50mM) stock solutions were pre-
pared with dimethyl sulfoxide (DMSO) and deionized water
(DW), respectively. Quercetin staining solution was prepared
to be 25Mquercetin and 50MAl3+ by diluting the stock solu-
tions with 40% methanol (MeOH) and 20% 1,2-propanediol,
just prior to use. The stock solutions, on the other hand, are
stable for several months when stored in a tightly sealed and
foil-wrapped bottle at 4 ◦C without decreasing the sensitivity
of the staining results.
The buffers used in phosphopeptides enrichment were
prepared using the following methods. To prepare loading
buffer, 100mgDHBwas dissolved in 1mL 80% (v/v) acetonitrile
(ACN)/2% (v/v) TFA. The buffer was vortexed and sonicated
shortly until the DHB totally dissolved. To prepare elution
buffer 1, 20L 25% (v/v) ammonia solutionwas added to 980L
DW, with a pH greater than 10.5. Elution buffer 2 was 30%
ACN. Elution buffer 3 and washing buffer consisted of 50%
(v/v) ACN/0.05% (v/v) TFA and 80% (v/v) ACN/2% (v/v) TFA,
respectively.
2.3. Preparation and separation of protein samples in
1-D SDS-PAGE
Marker proteins (transferrin, BSA, ovalbumin, phosvitin, -
casein, -casein) were weighed accurately and dissolved in
loading buffer containing 60mM Tris (pH 6.8), 25% (v/v) glyc-
erol, 2% (w/v) SDS, 2% (v/v) -mercaptoethanol, and 0.1%
(w/v) bromophenol blue to make as standard mixture markers
for 1-D electrophoresis. Ovalbumin, phosvitin, -casein and
-casein are proteins with different numbers of phosphate
residues.While BSAand transferrin, containingnophosphate,
were used as negative controls. Two-fold serial dilutions of
marker proteins were loaded onto the gel lanes from 4 to
2000ng/band.
Total proteins of mice brain were selected as practical
bio-sample for 1-D electrophoresis. Proteins were extracted
mics158 e u pa open proteo
and solubilized from mice brain using the following method.
Brieﬂy, mice brain tissue was washed thrice consecutively
with ice-cold phosphate buffered saline (PBS), and dipped into
liquid N2. The frozen tissue was mashed into small particles
in mortar, until the tissue was triturated into homogeneous
powder, and then transferred to a micro-centrifuge tube. Lysis
buffer containing 9.5M urea, 0.1% (w/v) DTT, 2% (w/v) CHAPS
and 0.8% (w/v) pharmalyte pH 3–10 was added to a ﬁnal tis-
sue concentration of 1mg/mL. Tissues were homogenized
manually until no more slices were visible. The homoge-
nized sampleswere centrifuged at 15,000× g for 30min at 4 ◦C.
The supernatant was collected and protein concentration was
measured by Bradfold (Bio-Rad, Hercules, CA, USA) [8]. Mice
brain total proteins were then dissolved in loading buffer and
two-fold serial dilutions of total proteins were loaded onto the
gel lanes (from 25,000ng to 50ng/lane).
Electrophoresiswas carried out onpolyacrylamide slab gels
(60mm×80mm×0.75mm), using the discontinuous buffer
system of Laemmli [9]. The 4.5% stacking gel was overlaid
on the separating gel of 10% polyacrylamide with an acry-
lamide:Bis ratio of 30:0.8. The running buffer consisted of
0.025M Tris, 0.2M glycine, and 0.1% (w/v) SDS. The gels were
run in a Mini-protein III dual slab cell (Bio-Rad) at a con-
stant current of 22mA per slab gel using a Power PAC 300
(Bio-Rad).
2.4. Preparation and separation of protein samples in
2-D SDS-PAGE
The extracts of mice brain were dissolved in IPG rehydration
buffer (8M urea, 2% (w/v) CHAPS, 2% (w/v) IPG buffer, 0.04M
DTT, 1× nuclease solution, and a few grains of bromophenol
blue) just prior to isoelectric focusing electrophoresis (IEF).
IPG gel strips having a linear 3–10 pH gradient, 13 cm, were
rehydrated with 600g protein sample each in an Ettan IPG-
phor Strip Holder (Amersham Biosciences). Then strips were
covered with mineral oil to avoid sample buffer volatiliza-
tion. IEF was performed using a horizontal electrophoresis
Ettan IPGphor II system (Amersham Biosciences) and the fol-
lowing conditions: instrument temperature 20 ◦C; maximum
50A/strip; IEF step 1, 40V for 12h; step 2, 100V for 4h; step 3,
500V for 2h; step 4, 3000V for 2h; and step 5, 8000V until the
total volt hours reached 60kVh. Upon completion of the ﬁrst-
dimensional electrophoresis, the IPG gel strips were removed
from the Strip Holder. The excess mineral oil was allowed
to drip from the IPG strip. Subsequently, strips were incu-
bated in 10mL of the ﬁrst equilibration buffer (1% DTT, 50mM
Tris–HCl, pH 8.8, 6M urea, 30% (v/v) glycerol, 2% (w/v) SDS,
0.1% (w/v) bromophenol blue) for 15min and 10mL of the
second equilibration buffer (2.5% (w/v) iodoacetamide, 50mM
Tris–HCl, pH 8.8, 6M urea, 30% (v/v) glycerol, 2% (w/v) SDS,
0.1% (w/v) bromophenol blue) for 15min prior to the second-
dimensional electrophoresis. To transfer the IPG gel strips for
the second dimension, the separating gel of 11.5% polyacryl-
amide with an acrylamide:Bis ratio of 30:0.8 was cast using
a Hoefer SE 600 system (Amersham Biosciences). SDS-PAGE
was performed at 20mA for 30min and then 30mA until the
bromphenol blue dye front had migrated off the far end of the
gels.4 ( 2 0 1 4 ) 156–164
2.5. Dephosphorylation
To determine the speciﬁcity of quercetin stain, two represen-
tative phosphoproteins (-casein and-casein)were chosen to
be dephosphorylated according to Labugger et al. [10]. Brieﬂy,
250g protein was incubated in 50L dephosphorylation
buffer (50mMTris, 100mMNaCl, 10mMMgCl2, and 1mMDTT;
pH 7.9) within 62.5 units of alkaline phosphatase for 30min at
30 ◦C, then the reaction was stopped with the addition of 5×
sample buffer andboiling for 5min.Non-treated (phosphopro-
teins) and phosphatase-treated (dephosphoproteins) proteins
were loaded onto the gels (500ng/band), respectively.
2.6. Protein phosphorylation assay
The relative phosphate level of -casein and -casein before
and after phosphatase treatment were quantitated using a
Phosphoprotein Phosphate Estimation Assay Kit according to
manufacturer’s instruction. Brieﬂy, protein samples were dis-
solved in Tris-buffered saline, mixed with phosphate reagent,
and incubated for 30min at room temperature, then the
absorbance was measured at 650nm.
2.7. Western blot
In brief, after electrophoresis, total proteins ofmice brainwere
transferred onto a methanol-activated PVDF membrane. The
membrane were rinsed brieﬂy in Tris-buffered saline, blocked
in 3% (w/v) BSA for 1h, and washed three times with Tris-
buffered saline containing 0.05% (v/v) Tween 20. After that,
the membrane were incubated with antibody [1:5000 anti-
phosphotyrosine antibody (05-321, Millipore Ltd., Watford,
UK)] for 2h,washed as above, and reactedwith the appropriate
secondary antibody (horseradish peroxidase-conjugated) for
1h. Antigen–antibody complexes were then visualized using
an ECL kit (Amersham, Buckinghamshire, UK). A luminescent
analysis system4000 (LAS, FujiFilm, Japan)was used for detec-
tion.
2.8. Protein staining
2.8.1. Quercetin stain
After electrophoresis, gels were ﬁxed in 100mL 30% (v/v)
MeOH/10% (v/v) acetic acid (HAc) for 20min, washed two
times with DW for 5min each. Then, gels were immersed
in 50mL (200mL for 2-D gels) of staining solution containing
25Mquercetin, 50MAl3+, 20% (v/v) 1,2-propanediol and 40%
(v/v) MeOH for 60min. Finally, gels were rinsed in destaining
solution containing 50% (v/v) MeOH, 250mM sodium acetate
trihydrate (NaAc)–HAc, pH 4.5, for 3–5min (5–10min for 2-D
gels).
2.8.2. Pro-Q Diamond stain
This staining method was essentially carried out according
to the instructions of InvitrogenTM. After electrophoresis, gels
were ﬁxed in 100mL 50% (v/v) MeOH, 10% (v/v) HAc for 30min
twice or overnight, washed with DW for 10min three times.
Then, gels were incubated with 50mL (200mL for 2-D gels)
Pro-Q Diamond staining solution for 60–90min, and destained
with 100mL destaining solution (thrice, 30min per wash).
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inally, gels were washed with DW (twice, 5min per wash)
11]. All processes were performed in the dark and at room
emperature.
.8.3. Stains-All stain
his staining method was essentially carried out according to
reen et al. [12]. Theworking solutionwasprepared just before
se by combining 10mL stock solution (0.1% (w/v) Stains-All in
ormamide), 10mL formamide, 50mL isopropanol, 1mL 3.0M
ris–HCl (pH 8.8), and DW to a ﬁnal volume of 200mL. SDS
as removed from gels by agitating in 25% (v/v) isopropanol,
0mL per gel at 50 ◦C for 15min. The gels were then placed in
he staining solution overnight in the dark. Finally, gels were
estained in DW until a good contrast between the bands and
ackground was observed.
.8.4. SYPRO Ruby stain
he operation of SYPRO Ruby stain was essentially according
o the instructions of InvitrogenTM. Staining was carried out
ither for 3h or overnight. Then the gels were rinsed in 10%
v/v) MeOH, 7% (v/v) HAc solution for 30min. All staining and
ashing steps were performed with continuous gentle agita-
ion in polypropylene dishes. The containers were wrapped
ith foil to avoid light exposure.
.9. Image analysis
els stained with quercetin, Pro-Q diamond and SYPRO Ruby
ere scanned at 550V with the resolution of 200dpi using a
yphoon 9400TM scanner (Amersham Biosciences). A 560nm
ongpass emission ﬁlter and a 532nm laser excitation source
as used for Pro-Q diamond stained gels, while a 610nm
ongpass emission ﬁlter and a 532nm laser excitation source
as used for SYPRO Ruby stained gels, and a 498nm long-
ass emission ﬁlter with a 365nm laser excitation source was
sed for quercetin stained gels. Furthermore, the image of
tains-All stained gel was obtained by using a scanner (Umax
owerLock 2100XL, Umax Systems GmbH, Willich, Germany)
t 600dpi resolutions. The images were exported in TIF format
nd imported for analysis into Image Lab 2010 (Bio-Rad) for
-D gels and ImageMaster 2D Platinum v6.0 (Amersham Bio-
ciences) for 2-D gels. For the analysis with ImageMaster 2D
latinum, parameter set was applied to all gels (Smooth=3,
inArea=5, and Saliency=4). Brieﬂy, after automatic spot
etection, the background was removed from each gel and the
mages were edited manually. Band (spot) analysis was carried
ut under identical condition for all of the gels, and the sizes of
and (spot) were subsequently normalized to eliminate possi-
le disparity of data values.
.10. Nanoelectrospray ionization–tandem mass
pectrometry
.10.1. In-gel digestion
otal proteins of mice brain, heart and liver separated by
-D SDS-PAGE, were detected by quercetin stain. Total 22
nterested protein bands were excised and subjected to pro-
ease digestion and MS. Gel slices were destained with 30%
v/v) EtOH/10% (v/v) HAc for 3h. In-gel digestion was per-
ormed in three steps according to the procedure of Russell( 2 0 1 4 ) 156–164 159
and coworkers [13]. Brieﬂy, the gel slices were washed with
DW and 50% (v/v) acetonitrile (ACN) and incubated with 100%
ACN for 10min. Opaque gels were equilibrated with 100mM
ammonium bicarbonate (pH 8.0) for 5min and then an equal
volume of 100% ACN was added for 15min. After removing the
solution, the dried gel pieces were reduced with 10mM DTT
containing 100mM ammonium bicarbonate (ABC) at 56 ◦C for
45min and alkylated with 55mM iodoacetamide containing
100mM ABC for 30min in the dark. After removing the solu-
tion, the gels were washed with 100mM ABC; and an equal
volume of 100% ACN was added and incubated for 15min. The
gel slices were dried in a SpeedVac for 15min, and re-swollen
by addition of trypsin solution and incubated overnight at
37 ◦C. Finally, peptides were subsequently extracted with 50%
(v/v) ACN/5% (v/v) TFA and dried once again using a SpeedVac.
2.10.2. Enrichment of phosphopeptides
Construction of TiO2 micro-columns has been described
elsewhere [14]. TiO2 micro-columns with a length of approx-
imately 3mm were packed in GE Loader tips. A small plug of
C8 material was stamped out of a 3M EmporeTM C8 extraction
disk using a HPLC syringe needle and placed at the constricted
end of the GE Loader tip [15,16]. The TiO2 beads (5mg) were
suspended in 100% ACN and an aliquot of this suspension was
loaded onto the GE Loader tip. Gentle air pressure created by a
plastic syringe was used to pack the column [17]. The peptide
sample was diluted in the DHB loading buffer and mixed well.
Peptides were loaded onto the TiO2 micro-column by applying
air pressure [18]. The TiO2 micro-column was washed using
5L of DHB loading buffer and then with 30L of wash buffer.
Phosphopeptides bound to theTiO2 micro-columnwere eluted
using aminimumof 25Lof elutionbuffer 1. Thephosphopep-
tides, which may have bound to the C8 membrane during the
previous elution step, were eluted using 1L of elution buffer
2. The eluates from the TiO2 micro-columns were diluted in
formic acid to a ﬁnal concentration of 5% (v/v), and applied
onto poros oligo R3 micro-columns using gentle air pressure.
The columns were washed with 20L 0.1% (v/v) TFA. The
retained peptides were eluted using elution buffer 3, followed
by lyophilization of the phosphopeptides. The dried phospho-
peptides were redissolved using 20L 0.1% (v/v) formic acid,
and directly onto the LC–MS/MS target.
2.10.3. LC–MS/MS and data processing
TiO2 enriched phosphopeptides (4L) were submitted to
online nanoﬂow liquid chromatography using the easy-nano
LC system (Proxeon Biosystems, Odense, Denmark, now part
of ThermoFisher Scientiﬁc)with 10 cmcapillary columnsof an
internal diameter of 75m ﬁlled with 3m Reprosil-Pur C18-
A2 resin (Dr.MaischGmbH,Ammerbuch-Entringen,Germany).
The gradient consisted of 10–30% (v/v) ACN in 0.1% (v/v) formic
acid at a ﬂow rate of 200nL/min for 45min, 30–100% (v/v)
ACN in 0.1% (v/v) formic acid at a ﬂow rate of 200nL/min
for 1min and 100% ACN in 0.1% formic acid at a ﬂow rate of
200nL/min for 10min. The elutionwas electrosprayed through
a Proxeon nanoelectrospray ion source by (electrospray ion-
ization) ESI–MS/MS analysis on a Thermo Fisher LTQ Velos
Pro (Thermo Fisher Scientiﬁc, Bremen, Germany) using full
ion scan mode over the m/z range 200–1800. Collision-induced
dissociation (CID) was performed in the linear ion trap using
mics160 e u pa open proteo
a 4.0-Th isolation width and 35% normalized collision energy
with helium as the collision gas. Five dependent MS/MS scans
were performed on each ion using dynamic exclusion. Also,
the precursor ion that had been selected for CID was dynam-
ically excluded from further MS/MS analysis for 30 s.
The MS/MS spectra were processed using Proteome Dis-
coverer (Version 1.3, Thermo Fisher Scientiﬁc, USA) and the
database search was performed using Mascot search engine
(Matrix Science Mascot 2.3) against a concatenated forward-
decoy approach. The Swiss-Prot protein sequence database
(release 54.5) was searched, with corresponding taxonomy
selection for different samples. The search parameters were
the following:mass error tolerance for theprecursor ions, 1Da;
mass error tolerance for the fragment ions, 0.8Da; ﬁxed mod-
iﬁcations, carbamidomethylation (C); variable modiﬁcations,
oxidation (M), phosphorylation (S, T, Y); number of missed
cleavages, 1; signiﬁcance threshold, p<0.05; type of instru-
ment, ESI-TRAP.
Protein identiﬁcations were validated only if they satisﬁed
the following three requirements: (a) their score was signiﬁ-
cant (p<0.05) with cut-off criteria; (b) theywere identiﬁedwith
one peptide with a score >35; (c) they were identiﬁed in at least
two out of the three runs. Proteins identiﬁed by a set or subset
of peptides used for identiﬁcation of another protein were not
taken into account.
3. Results and discussion
3.1. Optimization of quercetin stain
To achieve better visualization of phosphoproteins resolved
in polyacrylamide gels, several inﬂuencing factors were
explored. As mentioned above, Al3+ might be a ‘ﬁxed bridge’
between quercetin and phosphate groups to provide a differ-
entially visualization of phosphoproteins from total proteins.
However, the interaction of anionic surfactants (SDS) with the
Al3+ can greatly inﬂuence the binding of Al3+ with purpurin
and phosphate groups, leading to a poor speciﬁcity for the
detection of phosphoproteins. Thus, SDS must be removed
prior to staining. Fixing of SDS-PAGE gels in solutions con-
taining MeOH or EtOH is known to remove much of SDS
surrounding proteins. Therefore, in this study, total 20min
ﬁxation in 30% (v/v) MeOH/10% (v/v) HAc solution was recom-
mended as an optimal ﬁxing condition, to provide a greatly
increased contrast between the phosphoprotein bands and
background. Further experiments showed that longer ﬁxing
time (>20min) exerted no effect on ﬂuorescence intensity,
making its use redundant for further analyses of phospho-
proteins.
In addition, several other inﬂuencing factors, such as
the concentration of quercetin, Al3+, MeOH, etc. have also
been explored by comparing the sensitivity and selectivity
of phosphoprotein bands detected with different conditions
(Supplementary Fig. 1).
According to the results, the optimal concentrations of
quercetin and Al3+ in staining solution were found to be
25M and 50M, respectively. At higher or lower concen-
tration of quercetin dye, poor contrast and low sensitivity
stains were obtained (Supplementary Fig. 1A). In addition,4 ( 2 0 1 4 ) 156–164
acting as a crucial factor during quercetin phosphoprotein
stain, higher concentration of Al3+ led to better sensitivity
but poor speciﬁcity, whereas no any signals were observed
for phosphoproteins without addition of Al3+ in the staining
solution (Supplementary Fig. 1B). Furthermore, to inves-
tigate whether the addition of certain substances might
contribute to the increase in the staining sensitivity and
speciﬁcity, experiments to explore different additions of
organic solvents (EtOH, MeOH, 1,2-propanediol, glycerol, n-
butyl alcohol, isopropyl alcohol and acetonitrile), salt ions
(Ga3+, Fe3+, Mg2+, Na+, Ca2+, Cu2+, Zn2+), or buffering agents
(trisodium phosphate, disodium hydrogen phosphate, borate
acid, Tris, sodium acetate) to staining solutions were per-
formed under the optimized staining conditions discussed
above. Interestingly, we found that 20% (v/v) 1,2-propanediol
with 40% (v/v) MeOH in staining solution provides an optimal
microenvironment for phosphoproteins speciﬁcally visualiza-
tion (Supplementary Fig. 1C and D). Moreover, the staining
time was evaluated from 5min to 2h and the results showed
that less than 60min of stainingwasnot enough formaximum
sensitivity, whereas longer than 60min of staining brought no
increase in sensitivity (Supplementary Fig. 1E). Therefore, for
the maximum sensitivity, 60min of staining was found to be
sufﬁcient.
Finally, for the speciﬁc detection of phosphoproteins,
NaAc is an important constituent in the destaining solu-
tion. According to the results based on the exploration of
various concentrations of NaAc, ranging from 0 to 500mM
in destaining solution, 250mM NaAc offered the most suit-
able contrast for the detection of phosphoproteins. On the
other hand, 50% (v/v) MeOH in destaining solution might
greatly decrease the background stain and provide a com-
patible microenvironment to form a Al3+ bridged complex
(quercetin–Al3+–phosphoprotein), and thus contribute to the
enhancement of the ﬂuorescence intensity.
3.2. Protein detection in 1-D SDS-PAGE
To determine the speciﬁcity and sensitivity of quercetin stain
relatively to Pro-Q Diamond and Stains-All, a commixture
of marker proteins ranging from 4 to 2000ng were loaded
onto the gels. According to the results (Fig. 1A–D), as low as
16–32ng phosphoproteins (-casein, -casein and phosvitin)
could selectively be detected by quercetin stain, which is
approximately eight-fold higher than that of Stains-All stain
(125–250ng/band), but two-fold less sensitive than that of the
most commonly used Pro-Q Diamond stain (8–16ng/band).
Although the sensitivity of Pro-Q Diamond stain was higher
than that of quercetin stain, the speciﬁcity of Pro-Q Dia-
mond still needs to be improved, owing to that several
non-phosphoprotein bands (transferrin and BSA) were also
detected in the Pro-Q Diamond stained gel image (Fig. 1B) by
giving obscured signals, but not in quercetin stained gel image.
Moreover, to conﬁrm the sensitivity and speciﬁcity and to
compare the staining pattern, quercetin stain was applied
to analyze mice brain total proteins (Fig. 1E–H). The results
further demonstrated that the sensitivity and selectivity of
quercetin stain are comparable with Pro-Q Diamond stain.
Additionally, for the elapse of different protocols, quercetin
stain was carried out for around 90min to complete all the
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Fig. 1 – Comparison of the sensitivity and speciﬁcity of different detection methods in 1-D SDS-PAGE with standard mixture
marker proteins (A–D) and mouse brain total proteins (E–H). (A and E) Quercetin stain; (B and F) Pro-Q Diamond stain; (C and
G) Stains-All stain; (D and H) SYPRO Ruby. The amounts of standard marker proteins in each lanes (A–D) are as follows: lane
1, 2000ng/band; lane 2, 1000ng/band; lane 3, 500ng/band; lane 4, 250ng/band; lane 5, 125ng/band; lane 6, 64ng/band; lane
7, 32ng/band; lane 8, 16ng/band; lane 9, 8ng/band; lane 10, 4ng/band. For mouse brain total proteins (E–H), lanes 1–10 were
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mwo-fold serial dilutions (from 25,000ng to 50ng).
rotocols and around 4h for Pro-Q Diamond stain compared
ith overnight protocol for Stains-All stain.
Finally, the effect of gel thickness on the detection of phos-
hoproteins was evaluated in 0.5, 0.75, 1.0 and 1.5mm thick
DS-PAGE. Gels of all thickness evaluated could readily be
etected with quercetin stain. However, 1.5mm thickness gels
ould not provide bright contrast between the phosphoprotein
ands and the background, which led to a decreased sensitiv-
ty of staining. Operationally, 0.5–1.0mm gels are superior for
hosphoprotein staining.
.3. Protein detection in 2-D SDS-PAGE
o evaluate the newly developed method critically, we have
pplied quercetin stain to provide a rational phosphopro-
eomics map in 2-D SDS-PAGE. The total proteins extracted
rom mouse brain were separated and stained with quercetin
nd Pro-Q Diamond (Fig. 2), respectively. Comparison of the
pots stained by quercetin stain to those by Pro-Q Diamond
howed that majority of protein spots stained by Pro-Q Dia-
ond could be detected in quercetin stained gels. The resultsshowed that the compatibility of quercetin stain for phospho-
proteins detection in 2-D SDS-PAGE, as well as the selectivity
toward phosphoproteins was closed to Pro-Q Diamond to
some extent.
3.4. Speciﬁc comparison
Speciﬁcity is one of the most important indices for the per-
formance evaluation of phosphoprotein staining methods. In
order to verify the speciﬁcity of quercetin stain, dephosphory-
lation was performed. -casein and -casein were selected as
phosphoprotein markers in this study. The removal of phos-
phate groups from -casein and -caseinwere conductedwith
alkaline phosphatase. Protein phosphorylation assay results
showed that the phosphorylation level of non-treated-casein
and -casein was 15.90% and 12.15%; while after treatment, it
decreased to 1.45% and 1.09%, respectively. As shown in Fig. 3,
compared with SYPRO Ruby stained gels, both quercetin and
Pro-QDiamond stained gels showed relative decreased signals
after phosphatase treatment, which indicated the speciﬁcity
of quercetin stain.
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Fig. 2 – Comparison of 2-D gel images of total protein extracts from mice brain visualized by quercetin stain (A) and Pro-Q
Diamond stain (B).
To further conﬁrm the speciﬁcity, the staining pattern of
gel images provided by quercetin and Pro-Q Diamond stains
were compared with the result of western blot. As shown in
Fig. 4, the main protein bands visualized by quercetin stain
correspond to those of Pro-Q Diamond stain and western blot
analysis, which further demonstrated that the speciﬁcity of
the present method is comparable with Pro-Q Diamond stain
for phosphoproteins visualization.
3.5. Reproducibility and linear dynamic range
As another main feature of importance in large-scale pro-
teome analysis, the reproducibility of the staining across gels
was evaluated. In order to make statistical comparisons of
stain properties, a database of 2-D gel images was created
with three gels in each stain groups (quercetin stain and Pro-
Q Diamond stain). After spots detection and quantitation, a
Fig. 3 – Speciﬁcity comparisons of quercetin stain with
Pro-Q Diamond and SYPRO Ruby stains for the detection of
non-treated phosphoproteins (−) and phosphatase-treated
phosphoproteins (+). (A) quercetin stain; (B) Pro-Q Diamond
stain; (C) SYPRO Ruby stain.reference image was chosen to which all other images were
matched by software transformation. The parameters used
to determine the choice of the reference image were overall
quality of the image and number of spots. To simplify the
graphs, a subset of the most accurately matched spots across
all the gels was used to perform spot integrated intensity cor-
relation. As shown in Fig. 5, the average correlation of spot
integrated intensities of quercetin stain comes close to that
of Pro-Q Diamond, indicating a similar reproducibility of both
staining methods.
In addition, the linear dynamic range of protein detection
was determined for quercetin stain and compared with that
of Pro-Q Diamond stain (Fig. 6). In these gels, phosphopro-
tein marker proteins were serially diluted ranging from 4 to
2000ng. The linear dynamic ranges of the amount of pro-
teins stained with quercetin were for -casein (16–2000ng,
correlation coefﬁcient 0.990), -casein (16–2000ng, 0.984)
Fig. 4 – Speciﬁcity comparisons of quercetin stain with
western blot, Pro-Q Diamond stain and SYPRO Ruby stain
for the detection of mouse brain total proteins. For western
blot, total proteins were separated by electrophoresis,
transferred onto PVDF membrane and immunoblotted
using anti-tyrosine antibody. (A) Western blot; (B) quercetin
stain; (C) Pro-Q Diamond stain; (D) SYPRO Ruby stain.
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Fig. 5 – Quantitative correlation between corresponding matched spots in differently stained gels. (A) Quercetin stain: three
gels were stained with quercetin and matched with each other. The integrated intensities of matched spots from every gel
were plotted against the corresponding matched spots from the other two gels. The average linear correlation coefﬁcient of
the line was determined to be 0.837. (B) Pro-Q Diamond stain: three gels were stained with Pro-Q Diamond and matched
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bith each other. The average linear correlation coefﬁcient of
nd phosvitin (32–2000ng, 0.980), respectively. In general,
uercetin stain shows similar linear dynamic ranges to Pro-Q
iamond stain with respect to the values of correlation coef-
cient of different phosphoprotein density ranges.
.6. Mass spectrometry analysis
n order to evaluate the MS compatibility of quercetin stain,
otal proteins of mice liver, brain and cardiac muscle were
elected for MS analysis. 22 quercetin stained phosphoprotein
ands were excised from replicated quercetin stained gels, as
ndicated in Supplementary Fig. 2. Then, the selected proteins
ere identiﬁed by MS following trypsin digestion, and the
esults were presented in Supplementary Table 1. According
ig. 6 – Comparison of linear dynamic range between quercetin
hosphoproteins, -casein, -casein and phosvitin were separat
ands were estimated by software of Image Lab 2010. The rangeline was determined to be 0.840.
to the results, totally 52 phosphopeptides and 67 phosphor-
ylation sites were validated in 22 proteins. 49, 14 and 4
phosphorylation sites from Ser, Thr and Tyr were successfully
identiﬁed from 67 total phosphorylation sites, respectively.
In addition, for localizing the phosphorylation sites of
speciﬁed proteins or peptides by tandem mass spectrum, an
appropriate fragmentation of the precursor ion was expected.
It can be observed that most peptide bonds of the inter-
ested peptide (GVVTNGLDVSPAEEK) had been dissociated and
plenty of fragment ions with structure information were
generated under normalized collision energy 35%, shown in
Supplementary Fig. 3A. The fragment ions y2–y5 as well as
b3–b9 have the masses corresponding to the ones that are
non-phosphorylated, however, the y6 and b10 ions showed
stain (A) and Pro-Q Diamond stain (B). Three representative
ed in 10% polyacrylamide gel. After staining, the protein
of amount of proteins tested was 8–2000ng.
mics
r164 e u pa open proteo
a signiﬁcant signal of phosphoric acid loss (y6-P and b10-P),
indicating that S10 should be the possible phosphorylation
site. The localization of phosphorylation site on the other two
peptides was deduced in the same way (Supplementary Fig.
3B and C).
4. Conclusion
In this study, we have developed a ﬂuoro-based phosphopro-
tein detection method, the speciﬁcity of the present method
was demonstrated by SDS-PAGE, dephosphorylation, western
blot and MS analysis. Additionally, the materials used in the
new developed method were cost-effective, and could thus
be performed in most biological laboratories. In conclusion,
quercetin stain is a sensitive, speciﬁc, and convenient protocol
currently available for detecting phosphoproteins in polyac-
rylamide gels.
Signiﬁcance
Pro-Q Diamond stain is the most commonly used detection
method for the phosphoprotein visualization in SDS-PAGE.
Although the sensitivity and selectivity of Pro-Q Diamond are
very good, the problem of high cost has limited its application
to high-throughput phosphoproteomics in most laboratories.
Alternatively, a newly phosphoprotein staining method was
developed, and down to 16–32ng of phosphoproteins could
be selectively detected by the newly developed quercetin
stain, which is close to that of Pro-Q Diamond stain. In
addition, quercetin stain is quite time-saving compared with
that of Pro-Q Diamond stain. On the other hand, the novel
method requires only relatively inexpensive and readily avail-
able chemicals. Therefore, this new method may provide a
new choice for high-throughput phosphoprotein analysis as
an effective and inexpensive alternative.
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